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The Developmentof a Positron Ionization Gauge

F.M. Jacobsen,A. Wiess,M. Strongin,M.W. Ruckman,andW. C. miner

Abstract

We presenta methodby which gaspressuredensitycanbe measuredby positrons.The processto
monitor is the formationof positronium,Ps, via electroncaptureby thee from the rest gasmolecules.
The Pssignalwhich is proportionalto the gasdensity is obtainedfrom the annthilationphotonswhich are
emittedwhenthe Ps atom decays.By this methodit is not necessaryto haveaccessto the vacuumsystem
in questionother that having the possibility of passinga positronbeamthrough it. Also the present
methodis fully UFIV compatible.In its simplestversionpressuresbelow io ton at roomtemperature
canbe measuredwithin a reasonabletime. Techniquesarediscussedwhichwill significantly improvethe
sensitivityof the presentionizationgauge.
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1.0 INTRODUCTION

Under certaincircumstancesone may be interestedin knowing the pressurein a vacuumsystemat a
place whereit is difficult or impossibleto use a standardionization gauge.In suchcasesa negatively
chargedion beamcould be usedand the pressurecould be monitoredby observingthe degreeof
neutralizationof the ion beam.However, the use of ion beamsmay causeproblemsas theseare
intrinsically none UHV compatible.An alternativemethodis to usea low energy positron beamand
monitor the yield of positronium,Ps, due to e collisions with the rest gas.The Ps formation signal is
obtainedfrom the annihilationphotonswhich areemittedwhenthe Psatomsdecay.The Ps atomcanbe
formedin a singlet statewhich decaysinto two back-to-back0.511 MeV gammasor in a triplet state,
which in vacuum,annihilatesinto threephotons.For mostpractical cases,however,the triplet Ps will
interactwith the vacuumtubing with the result that it decaysinto two 0.511 MeV photons.The average
drift lengthof triplet Ps is about6 x cj42 cm, where e}42 is the kinetic energyof the Psatom in eV. To
detectthe formationof Ps, two Nal detectorsfacing oneanotherandplacedoutsidethe vacuumsystem
areusedto registerthe two annihilationphotonsin coincidence.

The specific reasonfor designingandusing the positronionizationgaugeis to be ableto measurethe
pressureinsidethe SuperconductingSuperCollider SSCbeamtubing during simulatedoperation.It is
recognizedthat the desorptionof hydrogen from the helium-cooledwall by synchrotronradiation
generatedby the 20 TeV protonbeamsignificantly increasesthe basepressurein the collider. The gas
densityin the collider mustbe kept below3 x I 08/cc to ensurea designbeamlifetime of 300 hours.

A brief descriptionof how to generatethe neededlow energye+’s is given in Section2 while the
resultsof an earliertestexperimentare presentedin Section3. In Section4 the designof the presente
beamis describedandits performancein its simplestversionis discussedwith respectto its sensitivity to
pressuremeasurements.In Section5 we discussa more advancedversionwherebyat leastan orderof
magnitudeincreasein pressuresensitivitycanbe obtained.Section 6 containsa discussionof the signal to
noise ratio along with a descriptionof how thedensitymeasurementscanbe madeabsolute.Section7
includesa summaryandconcludingremarks.

2.0 GENERATION OF LOW ENERGY POSITRON BEAM

The purposeof this sectionis to give a brief descriptionof how low energye beamsaregenerated.In
a recentreview paper1which containsreferencesto the original works more detailedinformation canbe
foundon low energye1 physics.

The most common way to generatea low energye beamis to use22Na to provide a broad energy
spectrumof 3 particles.The most probableenergyof the fr’s is about200key with the endpoint
energybeing 540keY. A tungstenmoderatora 1-Itm thick film which hasa negativee workfunction
affinity. to, is placedin the front of the 22Na source.A few % of the I3 will stopand thermalizein the
moderatoranda fraction of thesepositronsdiffuse to the moderatorsurfaceoppositeto the 22Na source
where they are emittedinto vacuumwith a kinetic energy equalto -to. Typical moderationefficiencies
takenasthe numberoflow energye to the total numberof 13+ rangesfrom 1-5 x 10 seeReference2.
If solidified noble gasesareusedto moderatethe fr’-’ s it is possibleto enhancethe moderationefficiency
by 1 to 2 ordersofmagnitude.3

The low energye which are emitted from the moderatorare acceleratedand transportedby standard
techniques.In our case,an axial magneticfield, B, generatedby a setof Hemholtzcoils is usedto guide
the e to the interactionregion. In order to separatethe moderatede from those13+ not stoppedin the
tungstenfoil the beamis passedthrough one or two Wien filters E x B. Figure 1 picturesthe main
componentsfor a low energye beamusing magnetictransport.
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Figure 1. Main components of a magnetically guided low energy positron beam.

3.0 TEST EXPERIMENT

An experimentwascarried out on an existing e beamline using magnetictransportat Brookhaven.
This beamline delivers 106 low energye sec-’. The experimentalsetupis outlined in Figure2. A
30 eY e1 beamis passedthrough a 100-mmdiameterdrift tube. Part of the drift tube is viewed by two
3 in. x 3 in. Nal detectorsfacingone anotherand the coincidencecountsof thesedetectorsare measured
asa functionof the H2 densityin the drift tube.

Figure 3 showsa typical signal from a Time-to-AmplitudeConverterwith oneofthe Nal supplyingthe
startand the otherthestop pulse. The FWHM is about 20 nsec. In Figure4 the coincidencecountrateis
plottedas a functionof the H2 density. The pressurereadingof the ionizationgaugewas convertedinto
densityasn = 4 x P/kT, where P is the pressure;k, Boltmann’s constant;andT, the temperature.As
observed,the resultsof Figure4 containsa largebackgroundcontributionwhich is not a resultof random
coincidencesbut is due to the scatteringof the 1.28 MeV photonsfrom a nearby45 mCi 22Nasourceused
from anotherexperiment.This backgroundwill not be presentin the measurementsof the H2 or H
densityin the SSCtubing.

When this signal backgroundis subtractedfrom the raw datawe obtain the resultsrepresentedby the
thangles.At a densityof 6 x 108/ccwe obtaina countrateof 40 hour1for the presentconfiguration.The
randomcoincidenceswill contribute2 eventhour1within the peakregion. The H2 pressuresensitivity
canbe further improvedby lowering the thresholdfor the detectionof the annihilationphotons.In the test
experimentthis was not possibledue to signalcontributionfrom the extra22Nasourcewhichwaspresent.
However,one additional measurementwas madeat the highestgasdensity in which thediscriminator
thresholdswere loweredwith the resultthat the signalrateincreasedby a factorof 4.

The cross-sectionfor Ps formation,450Ps, in e1 collisions with H2 and H are shown in Figures5
and 6. A representativevaluefor ap equals2 x 10_b cm2.The signalrate,R, canbe calculatedas

R = 2QnalIe,-/47t 1

where fl is the smallestsolid angleof the two Nal detectors,n is the gasdensity, I is the length of the
interactionregionas viewedby the detectorsandI+ representthe numberof e sec-1. The factor of 2
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comesaboutbecausethe formedPsatomsresult in the emissionof two gammarays.Note, since the angle
betweenthe emissionof the two annihilationphotonsis closeto 180° only one solid angleentersinto
Eq. 1. Also the detectionefficiency disregardingsolid angleeffectsof theNal detectorscanbe made
closeto I and, therefore,doesnot enterinto Eq. 1.

If we representI by the detectorradiuswe haveR = 450 hour1at a densityequalto 6 x 108/cc. The
differencebetweenthe calculatedrate and that measuredis, asdiscussedabove,mainly due to the high
thresholdusedwhendetectingthe annihilation photons.However,a factorbetween2 and 3 is missing.
Foureffectsmay accountfor this discrepancy.It is possiblethatsomeof the triplet Ps maydecayby three
photonsannihilationdue to the largediameterof the drift tubewherebythedetectionefficiencydecreases.
Also, the signalratedependson the alignmentwhich may not havebeenperfectof the beamin thedrift
tube. Furthermore,the Hydrogenpressurewasmeasuredabout0.5 meteraway from the positionof the
Nal detectorswhich resultsin a somewhatlower gasdensity than indicatedby the pressurereading.
Finally, the Psformationcross-sectionsasmeasuredby variousgroupsare not absolute.
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Figure 2. The setup for the test experiment to determine the density of Hydrogen by monitoring the
yield of Ps atoms.
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Figure 3. Coincidence signal of the two Nal detectors.
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Figure 4. Coincidence count rate as a function of the Hydrogen density.
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FIgure 5. Positronium formation cross sectIon of H2 versus positron impact energy from Ref. 4.
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Figure 6. Posltronlum formation cross sectIon of H versus positron impact energy from Ref. 5.
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4.0 THE E BEAM FOR THE SSC EXPERIMENT

The e beamunder construction for the SSC experiment is shown in Figure 7. It includes a
source/moderatorsection,two E x B filters, ae trap,an experimentalsectionwherethe SSCcryostatcan
be inserted,and finally an electrostaticmirror. In the discussiongiven in this sectionwe disregardthe
presenceof the trap.

Source/ ExB ExB Trap Experimental Electrostatic
moderator section mirror

B U
TlP-05258

Figure 7. The design of the low energy positron beam line to be used to determine Hydrogen
density in the SSC tubing see text.

A 45 mCi 22Nawhich is availableat BNL will be usedin combinationwith a tungstenmoderatorto
generatethe low energye beam. Referringto practical experienceit is safe to assumea moderation
efficiencyof2 x l0, which will generate1.5 x l0 eVsec.The e aretransportedby an axial magnetic
field of 50-100Gaussproducedby a setof Helmholtz coils. This magneticfield is also importantas it
insuresthat the e cannotinteractwith the SSC tubing unlessPs is formeddue to e collisions with the
restgas.In order to separatethe low energye from the j3 not stoppedin the moderator,the beampasses
throughtwo E x B filters. Mother purposeof the E x B filters is that it allows us to effectively shieldthe
experimentalsectionfrom the 22Nasource.The beamthentraversesthe experimentalsectionandenters
the electrostaticmirror which reflectsthe beamback to the experimentalsectionand finally the beamis
dumpedin the secondE x B filter. In this way the true e intensity for the pressuremeasurementis twice
the actualnumberof the e. By taking r asthe radiusof the SSC cryostatandr as the radius of the NaI
detectorswe canrewriteEq. 1 as

R = c21_anIe+ = c2r 8 X l0 2
2

where c is the attenuationfactor of the annihilationray throughthe constructionmaterialsof the SSC
cryostat. For the numericalevaluationwe have usedr = 15 cm. From Eq. 2 we can calculatethe
minimum radiusof the Nal detectorsrequiredto obtain about100coincidencecountsper houras

rd=7.2xr= 13.9cm 3

where we havetakene = 0.37 which accountsfor the presentdesignof the SSC cryostat.At BNL we
have available ten 5 in. x 5 in. Nal detectorswhichwhencombinedrepresenta detectorradiusr equalto
14 cm.

It is possibleto enhancethe sensitivitysomewhatby transferringsomeof thee velocity parallelto the
magnetictransportfield into the perpendiculardirection.To do this will demanda slight modificationof
the accelerationstagein the source/moderatorsection. Furthermorethe e should startin a weaker
magnetic field and then enter the interaction region where the transportfield increasesto about
200 Gauss.The resultof suchan approachis that while keepingthe total energyconstantthe effective
length of the interactionregion is increasedby a factor v0/v11,with v0 being the e speedand v11 the
velocity parallelto the transportfield. It is estimatedthat the signalratemaybe enhanceda factorof 5 by
this method.
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5.0 ENHANCEMENT OF THE PRESSURESENSiTIVITY BY INCLUDING
A TRAP

The purposeof the trap is to enhancethe gasdensitysensitivityby making it possiblefor e to make
manypassesthroughthe interactionregion.The trap consistsof five cylindrical elementsnumbered1 to 5

seeFigure8. The elements1 and 5 areconnectedto ground.Below we give a step-by-stepdescription
of the workingprinciple of the trap.

V2 t V3 t V4 t

1 2 3 4 5

TIP-05259

FigureS. Five elements of the trap see text.

Considerfirst a filling sequenceof the trap.Assumethee havea kinetic energyof 30 eV when they
exit the secondE x B filter. Let V2 = V3 = 29 V andVd = 50 V. If ane entersthe trap at this stageit will
move towardthe end of the trap with a kinetic energyof 1 eV andbecomereflectedat element4 and
movetowardthe entrancewhere it will exit the trap. However,supposethat V3 is lowered to 28 V in a
time shorterthanthe e turnaroundtime, tt, in the trap then thee is trapped.Now assumethat a second
e entersthe trap thenit will havea kinetic energyof 2 eV while in the trap andconsequentlyV3 mustbe
loweredto 27 V in a time shorterthanwasthecasefor the first e. Thelengthof the trap is 1 meterwhich
yields tt = 3.3 rU2 eV secwhere e is the kinetic energyof e in the trap. If this processis continued
until V3 decreasesto -70V which takes61.5 gsthetrap will on the averagecontain9 e with a uniform
distributionof kinetic energyfrom 1 to 100eV. At this stageV2 is raisedto 100 V while V4 is loweredto
29 V. Now thosee’s with = 100eV will be ableto escapefrom the trap and once they havepassed
element5 their kinetic energy will be reducedto theoriginal 30 eV. After a time correspondingtt for
thosee, V3 is increasedby 1 V wherebythosee having a kinetic energyof99 eV in the trap canescape
andso on. Once V3 hasbeenincreasedto 29 V the whole sequenceis repeated.Figure9 shows V3 asa
function time for 1 cycle. To generatethis function we have available an arbitrary wavefunction
generator.

At the time whenV4 is lowered to 29 V. positrons which were moving forth and back in the
experimentalsectioncannow reenterthe trap throughthe backdoorbut will be reflectedby V2, now at
100V, and thereforebe forcedbackto theexperimentalsectionagain,howeverwith an increaseof their
kinetic energyby 1 eV. This increaseis causedby the increaseof V3 which takesplace during the time
thesee spendin the trap.Dueto this heatingeffect, the wiseway to operatethe trap may beto inject the
e into the trap at an energyof about10 eV thenwhenthe trapis openviz. V4 equalto 10 V thee will
heatup to about30 eV which is nearwhere the Ps formationcross-sectionpeaksandremain at that
energyfor the next accumulationperiod.The nexttime V4 is droppedto 10 V the e will heatup further.
When their energyreaches100 eV they will be able to passthe secondelementV2 = 100 V and will
thereforebelost from the trap.
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During the periodwhenthe trap is opento the experimentalsectionno accumulationcantakeplace so
only 50% of the low energye can be used.The turnaroundtime in the experimentalsectionis about
2 isecfor = 30eV. Whenthe trap is openthe averageturnaroundtime is 3 jisec. The total netgain in
the signalrate is approximately30 wherewe havetakeninto accountthat only 50%of thee areavailable
for the pressuremeasurements.

6.0 SIGNAL-TO-NOISE RATIO AND CALIBRATION

In the discussionof the signal-to-noiseratio it is assumedthat the 22Nais shieldedwell enoughsuch
that we can ignoreproblemswith 1.28 MeV gammarays from 22Nasource.Thus, we only haveto deal
with randomcoincidenceswhich arerelatedto the singlecountratesofthe Nal detectors,N, as

4

where ‘r is the resolutiontime of the coincidencesetup. By taking ‘r = 20 nsec see Figure3 and
demandingB <3< icy2 ser’,which is aboutfour times less thantheexpectedsignal rateat a densityof
Ox 108/ccfor the casewherethe trap is not used,we obtain

N c ijx106 io sec1 5

which posesno restrictionson the measurements.Also cosmicrays are not a concernat this level of the
signalrateandcanbe vetoedout fairiy easily.

0 30 60 90 120

Figure 9. Variation of V3 as a function of time.
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The approachto take in making absolutedensitymeasurementsdependson the accuracyneeded.If
uncertaintiesof the orderof a factorof 2 are acceptable,it is probablysafe to trustthe Ps formation cross
sectionmeasuredby others.If the trap is going to be usedit will be necessaryto comparethe signalrate,
athigh gasdensity,for a straightthroughbeamto that whenthe trap is operational.

If high accuracyof the densitymeasurementsis needed,a calibrationcan be madeby settingup a test
experimentin which first e- areusedto determinethe gasdensityby using accuratemeasutmentsof, for
example,the ionization cross-section.Then the e beamcan be passedthroughthe sameinteraction
regionand the Psformation signal can be recorded.An e beamcan be obtainedfrom the moderator
simply by reversingthe polarity of all ofthe appliedvoltages.

7.0 SUMMARY AND CONCLUSION

An approachto determinethe gasdensityin the SSC tubing using an e beamhasbeendescribed.In its
simplestversionthis machinerycanmeasuredensitiesas low as6 x 1O/cc within a very reasonabletime.
We havediscussedthe useof a simple trap which can enhancethe sensitivity by at least an orderof
magnitude.Also, it is worth pointing out that if more sensitivity is needed,we have the option of
replacingthe tungstenmoderatorwith that of solid Kr which will increasethee intensityby oneorderof
magnitude.All the necessaryequipmentis available atBrookhavenandwe have the necessaryexpertise
from severalyearsof runninga low energypositronbeamin which solid Ne actsasa moderator.
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